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Thermodynamic and Thermal Analysis 0f a
Synthetic Protein Analog (December 197*4.)
Hoy P. McKnight, B.S., Carnegie
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M.S., University of Massachusetts
Directed byi Dr. Prank E. Karasz
The synthetic polypeptide poly- p -benzyl - i -aspartate
was studied in the mixed solvent system dichioroacetic
acid (DCA)
~ tetrachloroe thane (TCE) using po j ar imetric
and cal or:imetric methods.
The polarirnetrj c results are analyzed using the
thermodynamic treatment of Karasz and Ga.inos to give the
intrinsic ntabil ization parameters of the PBA helix and
the binding parameters of the DCA to the PBA coil in
TCE. The parameters so derived were then used to predict
the helix
-coil phase transition lines in the temperature
regions outside the experimentally accessable region.
A special cell was developed for use in the Tian-
Calvet mierocalorimeter which could be used with the
highly corrosive solvent mixture employed. After
developing proceedures for determining the magnitudes
of side reactions and the corrections for these, the
calorimetric heats of transition of the PBA were measured
over the temperature range 2?0°K to 3?.0°K. The experimental
values were found to apree within experimental error
with the predictions of the Karasz-Ga inos treatment
using the parameters derived by polar irnetrv
.
In addition, some work was done with the natural
enzyme lysozyme (muramidase) in an attempt to determj
the relative importance of hydrogen bonding in the
stabilization of the native conformation. No d if fere;
were found beyond those induced by the decreased ion:
Ration of the Bronstead acid groups in heavy water.
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INTRODUCTION
Order -disorder transitions of polymers in solution
have been of interest for some time. The denaturation
of protein molecules is only one example of such tran-
sitions which has biological significance. These tran-
sitions have been found to depend on many factors, among
them pH, ionic strength, solvent composition, pressure,
and of course temperature J It has long been recognized
that these transitions in proteins are of a very complex
nature
.
Proteins, however, do have simpler synthetic analogs
which have been investigated, these being the homopoly-
peptides, polymers of the a- amino acids. While some of
these polymers are soluable in water, the majority are
either insoluable or only sparingly soluable. It has thus
been found judicious to study the transition, of polypep-
tides in mixed organic solvents so that we may gain a
clearer understanding of the transition process itself.
This transition can, to a first approximation, be
described in terms of only two steps: the disruption of
the intramolecular hydrogen bonds stabilizing the ordered
conformation, and the preferential binding of the coil
residues by the 'active' solvent in the solvent mixture.
Such a model has been used since the earliest consider-
atlons of the phenomenon 2
" 5
arid leads, for certain cases,
to the prediction of two thermal transitions. The 'phase
diagrams' for these transitions require only four basic
parameters: the enthalpy and entropy of each of the two
steps described above
.
The purpose of the present study was to obtain ori-
ginal data on a polymer- sol vent system that the Karasz-
Gajnos treatment predicted, from previous data on the en-
thalpies and entropies, would exhibit the double thermal
transition, and to obtain refined values for the principle
parameters which could then be used to investigate the the-
oretical predictions in greater detail, particularly such
values as the transition width (in both the isothermal and
thermally-induced planes) and the cooperativity parameter,
a «
To achieve these aims, it was decided that two instru-
ments present in the departmental facilities should be used.
Because of the dissymetry of the ordered state (an a -helix
for polypeptides) the thermally- induced transition studi.es
can be followed using a polarimeter , in our case the Perkin-
Elmer Model 14 IMC. Due to the sharpness of the transition,
the temperature control was judged to be critical, so a
Haake Model FK constant temperature circulating bath was
purchased to supply the jacketed polarimeter cell. No other
modification of this instrument was found necessary for
satisfactory results.
A Tian-Calvet microcalorimeter was also available for
the isothermal studies. As expected, the design of the
cells for this instrument was a critical phase in obtain-
ing satisfactory results, and several designs were tried
and rejected before settling on a final design. The vari-
ous designs and their flaws are described briefly below,
as well as a detailed description of the final cell and
the proceedures used
.
The principle system for this study was poly-p -benzyl
-
^-aspartate (PBA ) in a mixture of 1 ,1 ,2,2-tetrachloroethane
(TCE) and dicbloroacetic acid (DCA) . This system was cho-
sen because of the weak helix in the PBA and the strong in-
teraction of DCA with peptides, the conditions necessary
for the occurance of the double thermal transition in an
accessable temperature range. Some work was also done with
lysozyme (muramidase) in an attempt to determine the rel-
ative importance of hydrogen- bond strength to the order-
disorder transition in protein molecules.
THEORETICAL CONSIDERATIONS
It is well known that the dissymetry of the a
-helical
conformation in macromolecules is responsible for a por-
tion of the optical rotatory power of the polymer solutions.
The rotation from the assymetrie centers in the backbone
chain should be independent of the conformation of the chain,
and can thus be regarded as a constant background rotation
to which the rotation due to the ordering is added. In fact,
one may analyse the optical rototory dispersion curves using
the Moffitt equation^ to yield a parameter (bG ) which is
proportional to the helical content of the polymer.
o
A good review of this technique has been given by Yang
and only a brief summary will be given here. The general
form of the Moffitt equation is
r n a X
^ b X ^\m\ = 0
Z
Q
2
+ 772
where ^ is the wavelength at which the measurement is made
and Jrn^Jx "is the reduced mean residue rotation defined by
3 a M
2 . 9 Ci>, + 2
Here m is the solvent refractive index at wavelength \ ,
a the measured rotation in degrees, M the residue molecular
weight (equal to the molecular weight of the a -amino acid
minus 18 for the water lost on polymerization), and c is
the concentration in grams per deciliter.
The Moffttt equation contains three adjustable para-
meters, aQ , bQ , and X Q . since this equation is a pherio
rnenological one the parameters are all derived from exper-
imental data. The equation is usually rearranged into the
form
2
[ml
2 1
o
2
= a + o
o
o
(C*
2
- *o
2 )/* o
2 )" 1
and solved graphically by plotting the left side against
The parameter \ Q is found by adjust-
ing its value until the data fall on a straight line. Much
work (reviewed in References 9 and 10) has shown that in
general a good fit is obtained using A. Q = 212nm , and that
the value of bQ for right-handed helical polypeptides is
about -630°, although this value still depends somewhat on
Qthe solvent used.'
Several studies on poly- P -benzyl -^-aspartate of high
molecular weight have given values of about +660° for the
helical form (positive because of the left-handed helical
11 12
sense) and -270 for the random coi'J form. ' We have
found that the bQ values correlate well, with the specific
rotation at 436 nm (Figure 1) and have thus used the rota-
tion values as indicators of helical content for most of
our work, since the points on the curve are found to be in-
dependent of both temperature and solvent composition with-
in the ranges studied. The fractional helical contents
calculated in this way are found to be precise to about 2.5
percent helix.
For a thermally- induced transition, one can obtain an
apparent van ' t Hoff heat at the midpoint of the transition
from the equation
d(lnK)
_
^HVH
d(l/t) ~ ~R~~ CD
where K is defined as the ratio of the fraction of peptide
residues in the disordered form to the fraction in the or-
dered (helical) form. The heat is, by definition, the en-
thalpy of the transition per mole of cooperative units, and
can be compared to the heat determined calorimetrically on
a residue mole basis to give the number of residues in a
13
coopera t ive unit.
VH ( 9 ^
For a polypeptide with complete cooperativity , this should
be the degree of polymerization of the polymer, since then
the entire molecule would be a single cooperative unit.
Typical values of a for polymers similar to PBA have been
found to be about 10 , giving a cooperative length of
about 100 residues in polymers with a degree of polymeriza
tion of about 1000. Such evidence suggests that the coop-
erativity of the helix-coil transition is less than per-
fect, and that once started, the helix may not unwind com-
pletely, but rather remain in an equilibrium state with
the coil residues. This in fact substantiates the assump-
tion of an equilibrium in the development of the theory. 3
The midpoint of the thermal transition determined po-
larimetrically is found to be a function of the solvent
13-15
composition. In a helix-to-coil transition, increas-
ing the amount of hydrogen -bonding solvent in the solvent
mixture will decrease the transition temperature (50% helix
point) from that in the pure helicogenic solvent. This low
ering of the transition temperature can be considered anal-
ogous to a melting-point depression in simple fluids, and
we may define a 'compositional enthalpy 1 from this effect
of the active solvent on the transition temperature:
=
-r(-4^a) T = T (3)
comp
^ 6 1/T V c
Since the compositional enthalpy is defined on a per mole
active solvent basis, and the calorimetrically determined
enthalpy is reduced to a residue mole basis, one may find
the fraction of residues bound to solvent from the ratio of
the two
F = *
Hcal
< 1 (4)
c AH 1
comp
One would expect this ratio to be less than one for all
cases in which an equilibrium exists between solvent and
8unbound residues, and would only equal one If every coil
residue were bound to an active solvent molecule. A more
rigorous mathematical derivation of Equation 4 may be found
in the recent paper by Karasz and Ga.jnos. 6
The treatment given below is a condensed version of
that given in Reference 6. The statistical
-mechanical ba-
sis of this treatment was proposed by Schellman16 and was
developed further by Gibbs and DiMarzio 1
7
and by Lifson and
1 gRoig. The concept of a transition induced by preferen-
tial, binding of an 'active' solvent to the coil residues
was first presented by Peller 1
9
in 1959, and developed into
on
practical use by Bixon and Lifsorie Although the Zimm*
3Bragg treatment appeared shortly after Gibbs and DiMarzio' s,
the former has received the most acclaim in the literature,
and the Zimm-Bragg notation is used in all of the recent
extentions of the theory developed originally by Schellman.
For this reason, the Karasz-Gajnos treatment has been cast
in the Zimm-Bragg notation.
In this treatment of the helix-coil transition in mixed
organic solvents, one may think of the molecule as existing
in two separate states. In the helical state, all residues
(except the first two in the helix) are hydrogen- bonded to
the third proceeding and to the third following residues,
this compact molecule then being dispersed in an homogeneous
mixture of the organic solvents. In the random-coil state,
the molecule assumes a random configuration in the solvent,
and all peptide residues are free to bond with the active
component of the solvent mixture. Since the reaction is
not completely cooperative, it becomes necessary to define
a helical residue as one which is not bonded to the remain-
der of the polymer chain. We may now view the transition
as occurring in two steps: the breaking of the hydrogen
bond to the helix
1/Ki
HHHC
;
HHCC
and the reversible binding of active solvent to the coil
residues
A + (CA) C 1>/K7 v (CA) C
In order to be consistant with the Zi.mm- Bragg treatment3
of the transition, and since both reactions are reversible,
we shall define the equilibrium constants for the formati on
of helix from coil . Therefore
K, =
^
and K
2
=^ (5 )
C f
ACA
where X is used to indicate mole fractions, which are iden-
tical to activities if we assume ideal solution behavior.
The equilibrium constant for the addition of a peptide
residue to an existing helical sequence is then given by
10
which, on substitution with Eqns . 5 becomes
s -
K
1
K
2
K
2
+ X
A
(6)
By- definition, the midpoint of the transition is the point
where XR XQ + XCA , and therefore s = 1 . Using this
fact, we find at the midpoint of the transition
K
l -
~
2
~
1 + Kj" (7)
which is the equation relating the two equilibrium constants.
Consider also the definition of the fraction of coil
residues bound
C X
c
H XCA
Multiplying numerator and denominator by X./X„
F . =A = ( Q
)
C ¥£ + x K2 + XA
X CA
by Eq. 513 , which in turn yields
K
2
= XA (10)
Recalling that and are equilibrium constants, we may
reasonably assume
In K- » - + -~ (Ha)
and 4Hn AS 1lnK
2 = -ir + x (llb)
Thus , if we can find as a function of transition temper.
11
ature, we can get K
2
(TC ) from Eq. 10 and K^(TC ) from Eq . 7
and furthermore the parameters
, ^ , 4H2 , from
plots of InKj vs. 1/T and lnl<
2
vs. 1/T as indicated by
Eqs. 11. In turn, Eq
. 4 will give us FC (TC ) if we know
M'i n (T ) and 4H (T )
.
cal v c J 4 comp v c ;
Further we find from Eq . 6 that
Which allows determination of and from the slope and
intercept of an XA vs . 1/s plot at a given temperature.
21
Repeating this proceedure for several temperatures, we can
find K*(T) and ^(T) from the optical data alone, and de-
termine the parameters as outlined above.
It also follows from Eq . 6 that
RT In s = -UfL-TZlS^ -RT In {l + XAexp [(dH2-T4S2 )/RT]j
r (13)
From Applequist's treatment of the transition we know
that the calorimetric heat is given by the equation
4Hcal =
- R
and therefore, from Eq . 13 and 9
4H
cal " 4H1 + VH2 (15)
since s = 1 at T = T . Also from Eqs. 3 and 9
All - + ^H 9 (16)comp F 2
If we know F as a function of temperature, and the heats
c
12
as functions of temperature, plots of AE^ vs. F
q
and of
4H
comp vs * 1/FC (with temperature the implicit variable)
should give straight lines whose slopes and intercepts
yield 4Hj and m
2 .
We therefore have three ways of de-
termining these parameters, in addition to the direct fit-
ting of the optical data to Eq. 13, and any parameters so
determined must be consistant with all the plots in the
various methods. Such overdetermination of the variables
allows more precise values to be found for them than a sin-
gle set of data and a single method could provide.
Although many workers in the field of polypeptide tran-
sitions have recognized the value of direct cal ori rnetri c
measurement of the enthalpy of the helix-coil transition,
very little work has been done in this field. In fact, un-
til very recently, all of the work in the literature has
come from only four laboratories. Ackermann and co-workers 22-24
at the University of Mtinster and Karasz and O'Reilly13,15,25
at: General Electric, Schenectady, dominate the early liter-
ature, each using his own individual version of the precis-
ion adiabatic calorimeter. In 1966, there is a single paper
2 6by Hermans and Rialdi usirg a solution technique and a
heat-flow calorimeter similar to the one we use in our
studies here. Two years later, two papers by Kagemoto and
27 28Fujishiro ' appeared in which a custom-designed solution
calorimeter of Lhe isothermal type was employed. A paper
has recently appeared by Scheraga, et. al. 29 in which a
twin calorimeter of the DTA type is employed with polypep-
tide solutions. A very recent entrant to the field is
the paper by the workers at Osaka University with their
precision heat-capacity calorimeter. In almost every
case, the polymer studied is poly(benzyl glutamate) so that
this polymer has been very well characterized in organic
solvents while data on most other polypeptides are lacking.
Small heats of transition and the need to work in dilute
solution are cited as the reasons for the scarcity of work
in the area
.
Some interesting ways of sidestepping the problems
have been devised, such as the heat of solution technique
31
used by Giacometti
,
et
. al . in which amorphous films are
dissolved in helicogenic and helix- breaking solvent mix-
tures, and the difference in solution heats used for the
transition enthalpy. However, the most recent development
32 33in the field is the use of scanning calorimetry. ' This
method is faster than the old adiabatic calorimeters, and
has now been developed to the point where it is sensitive
enough for use with dilute polymer solutions.
Despite these new developments, the most promising meth-
od for study of solution properties of peptides is the Gal vet
calorimeter, due to its very high sensitivity and the need
for only moderate amounts of sample. The real promise of
work with this instrument was shown by Choquette3^ in hi
work at the University of Montreal. For these reasons w
chose the Calvet calorimeter for the work reported here.
TABLE A
Summary of Literature Data on PBA
Optical Rotatory Dispersion Dat
Solvent
Chi oroform
Dichloroacetic
Acid (DCA)
m- Ore sol
o
411
631
665
665
720
500
500
659
250
220
534
600
Dimethylformamide -315
Dioxane 630
Reference
Blout (1958A)
Blout (1958B)
Bradbury (1959)
Karl son (1960)
Bradbury (1960)
Goodman (1962)
Goodman (1963)
Hashimoto (1966A)
Bradbury (1959)
Bradbury (1960)
Bradbury (]959)
Bradbury (i960)
Hashimoto (1966B)
Dubin (1972)
Dimethyl sulfoxide -250 Dubin (1972)
TABLE A (CONT.
)
Derived Parameters
Solvent <r <*H
cal
Chloroforin-DCA 0.6 x 10'A 260 cal/mol
Hi- Cresol 1.6 x 10'A
-450
6 . 7%DCA/DCE 1.0 x 10" 4 270
7 . 0%DCA/DCE 1.1 x 10"A 230
7.37oDCA/DCE 1 .1 x 10" 4 175
DCA/DCE
DCA/CC1
4 .76 x
10"
DCA/CHC1
3
Dloxane/DMSO
1 Hayashi (1969)
2 Sayama (1972)
3 Norisuye (1973)
4 Karasz (1973)
17
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EXPERIMENTAL
Pe4arlmetrY . All data reported here were taken using
the Perkin-Elmer Polarimeter and the standard one-decimeter
cells provided with it. Two cells were used during the
course of the work, a microcell holding 0.6 ml of polymer
solution (#141-0024) was used for the first part of the
work? later a macrocell holding 6.0 ml of solution (#141-0023)
was substituted since it allowed a wider beam to Pass
through the cell to the detector and thus more precise
readings to be obtained. These cells are made of two con-
centric cylinders; a central sample tube which is surrounded
by a large jacket through which thermostatted water or other'
fluid can be circulated for p-ood control of the samole
temperature over a wide ranpe
.
In a polarimeter run, the polymer was dissolved in
the aopropriate solvent mixture, and the solution placed
in the polarimeter cel.]
. The polarimeter was set to zero
with the sample chamber empty, and the cell then placed in
the chamber. Next, the hoses to the Haake bath were attached
to the cell, and the previously equilibrated bath liquid
circulated through the cell jacket. After about about a five
minute equilibrium period, the reading was checked, and
any drift in the reading over a one to two minute period
was taken as an indication that the sample temperature was
not yet uniform and equal to that of the bath. When the
readings showed no further drift, the magnitude of the ro-
tation was recorded, and the bath raised to the next tem-
perature where the whole proceedure was repeated. The
changes in bath temperature were kept quite small near
the transition temperature (one-half to one degree incre-
ments) and the increments increased to five or ten degrees
at the extremes of the transition curve to get an initial
and final slope of the curve with temperature.
After a run was completed, the cell was cleaned by
repeated washing and flushing with solvent, and thoroughly
dried with dry, filtered air. In the rare cases where
washing caused precipitation of the polymer onto the cell
windows, the cells were cleaned with chromic acid cleaning
solution or, in later runs, with concentrated DCA solution
in chloroform.
The Model 141MC polarimeter provides a digital readout
of the rotation in degrees. This value a is then reduced
to the specific rotation using the equation
[a4 <rx~ (17)
where c is the polymer concentration in grams/liter and £
is the path length in decimeters.
As mentioned in the theory above, we have used the
specific rotation at 436 nm as an indication of helical
content. Moffitt plots were done on polymer solutions in
which the transition temperature occurred at temperatures
within the -20° to 55°C. range, and the values of specific
20
es
rotation plotted against the Moffitt b . These studi
were later extended to 85°C using tetrachloroethane (TCE)
in place of chloroform. In all cases studied, the values
of specific rotation and bQ fell on the same straight line
(Fig. 1). For subsequent analyses, a single value of the
rotation was determined, and the helical content estimated
by interpolation between the known values for 100% and 0%
helix (see Theoretical above).
... Cal orimetry
. A description of the basic Calvet in-
strument can be found in the recent paper by Maron and
3 6Fillsko and will not be reported here in detail. The
instrument in our laboratory was used as supplied by IMass,
Inc. and included the basic Tian-Calvet calorimeter and,
in a separate housing, the Setaram controller, a Bristol
Model 552 Recorder, a Keithly Model l'i8 Nanovol tmeter-am-
plifier, and an IMass calibration circuit.
The calorimeter was calibrated using the calibration
colls provided with the instrument, and the calibration
circuit provided by IMass. The calibration cell contains
a central ceramic cylinder, on which 1000 ohms of resistance
wire is wound. The outer cell is a stainless steel cylin-
der with a teflon cap, similar to the reaction cells, ex-
cept that only the leads to the resistance coil run through
the teflon cap. A steel rod is attached to the top of the
cap for the purpose of lifting the cell in and out of the
21
22
calorimeter block, and to provide a conduit for the heater
1 ead s .
To calibrate the instrument, these special, cells are
placed in the instrument and allowed to equilibrate. A
current is then run through the resistance coil and measured
on the appropriate meter of the calibration panel. The cur-
rent is adjusted to the desired magnitude by adjusting the
voltage applied, and can be varied from one microwatt to
one milliwatt. The power dissipated by the resistor can
be determined from the measured current and known resi stance
of the coi 1
:
P = I
2
R
It was found through several calibration runs that
the peak areas for identical runs agreed to within \% t so
the limiting factor of the electrical calibration runs was
the setting of the current on the meters. In practice,
this limits the accuracy of the calibration to about two
per cent. Five separate calibrations were made during the
course of the work, and the values so determined were av-
eraged for the final value used. The results of one of
these runs is shown in Table 1 and Figure 2. Differences
in the instrument constant at the various temperatures all
fell within the two percent, range of repeatability.
It is the task of the experimentor to design the cells
in which the reaction takes place, and the design of these
TABLE 1
Electrical Calibration
Current. (mA
)
Time (mi n . ) Energy (meal) Area (ii
no i
.030' 15
. 1 94 007
.050 15
. 536 f)1 R
• u l O
.050 30 1 . 07 0^7
. 1 00 15 2.15 Ofi/i
.100* 15 2.15
. 067
.100 29.5 4.22 1 ?Q
.200 14.5 8.30 W £-
,200 15.25 8.73
. 266
.300 15 19.31
. 591
.400 15 34.34 1 . 058
. 4 00 15 34.34 1 .054
.600 15 77.25 2.417
.800 14 128.18 3.995
.800 15 137.34 4.238
1 .000 15 214.59 6.834
Total 672.70 21.037
Instrument Constant = 32.00 * 0.5 35£fi±2in
2k
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cells proved to be the most time-consuming part of the ex-
perimental proceedure. For the PEA system, the require-
ments for the reaction cells are quite restrictive. The
dichloro-acetic acid is a very corrosive solvent, and the
inclusion of any materials within the cell except teflon
and glass results in a reaction large enough for the in-
strument to detect. The original cells were made of grade
303 stainless steel, but the reaction, of the DCA with even
this material caused a large baseline shift upon opening,
and a glass liner had to be added to separate the reacting
materials from the metal cell. We found the glass liners
quite sufficient for the purposes of these experiments
; others
have reported the successful use of grade 306 stainless
with DCA solutions. 31,34
Another constraint of the cell is imposed by the ex-
treme sensitivity of the instrument. The Calvet is report-
edly able to detect as little as one milicalorie per hour
37in heat flux ; the experiments reported here produce about
200 meal of heat, or roughly the equivalent of ten micro-
grams of solvent evaporating. Thus an appreciable change
in vapor space will cause sufficient vaporization to com-
pletely swamp out the effect we wish to observe, and any
flow of gas through the cell is completely prohibited .
In addition, the temperature at which the transition
occurs is high enough to preclude use of the fluorocarbon
26
greases as sealing materials, so the cell design must in-
clude a glass-to-glass or glass-to- teflon seal, and in ad-
dition, provide for accurate measurement of the denaturant
mass or volume. Many cell designs were tried and rejected
for one or more of the above reasons.
37In his thesis Filisko relies heavily on the cell de-
sign depicted in Figure 3. This design employs a mercury
seal around the inner cell (cup) and a teflon cap. This
design allows for complete isolation of the inner and outer
solutions before mixing, opening without change in the vapor
space, and unlimited, reproducible mixing. Unfortunately,
we were never able to construct a cap which could be opened
reliably without sticking and yet be of sufficient tight-
ness to keep the mercury from displacing some of the inner
fluid. Thus reliability suffered from the leakage of an
unknown and irreproducible amount of denaturant.
We also tried the cell design of Hermans and Riaidi 38
in which the inner cell is suspended from the inner tube
(to the outside) and sealed with mercury or petroleum jelly.
The contents are forced out using a syringe above the cap.
This design was found to be totally unsuitable for our ex-
periments, as the change in vapor space and height of the
solution in the cell causes l^rge heat effects due to sol-
vent evaporation and condensation. In addition, mixing is
inefficient and incomplete, and every movement of the sy-
2?
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CELL CAP
TEFLON
CUVETTE CAP
TEFLON STIRRER
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TEFLON DISK"]
ir
D
STAINLESS
STEEL
CYLINDER
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J;
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GLASS SAMPLE
CUVETTE
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ringe plunger during mixing causes heat effects similar to
those at opening.
Our first attempt at original cell design is shown in
Figure 4, a version of the 'trap door' design mentioned in
Filisko's thesis. This cell has the advantages of easy
communication of vapor spaces in the inner and outer cells
to prevent evaporation upon opening, and unlimited, repro-
ducible mixing. The problem lies in the sealing of the
•door' to the inner cell. As mentioned above, the dena-
turant is a very reactive organic acid, and the upper tem-
peratures at which we worked were sufficiently close to the
softening point of the fluorocarbon greases available that
they were unusable. ParafilmR
, Saran WrapR
,
press-fit tef-
lon and ground glass joints were all tried for the seal,
but none proved successful in preventing leakage of the in-
ner cell during the equilibration period.
The final design we used to gather all of the data
presented here is shown in Figure 5, This design provides
for absolute separation of outer solution and denaturant
during equilibration
,
repeatable mixing, minimal change in
vapor pressure upon opening, and conservation of total va-
por space. There remains some problem with the level of
the liquid changing upon opening and with redistribution
of vapor space, but these can be minimized by filling the
inner bulb as completely as possible with denaturant* A
29
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brief description of the proceedure for making a calorimeter
run follows: a more detailed description of the operation
of the Calvet may be found in Appendix I.
Once the Calvet has stabilized at the desired temper-
ature one is ready to make experimental runs. The first
step is the manufacture of the inner bulbs to hold the de-
naturant. These are hand-blown from normal-wall PyrexR
tubing, and must be blown to as nearly the volume required
to hold the denaturant for that individual run as is pos-
sible, but must not exceed fourteen millimeters in diameter.
The bulbs must be thick enough to withstand handling during
the filling and sealing proceedure, yet thin enough to
shatter when pressed against the tungsten point in the
bottom of the cell. Although pin-hole leaks can and do oc-
cur, these show up in the sealing proceedure and, while the
bulbs containing them must be replaced and the run delayed,
they will not otherwise adversely affect the run.
The inner cells (bulbs) are then filled with denaturant
the teflon ring stirrer placed on the stem, and the stern
sealed to the glass rod extending to the outside. The out-
er cells may then be filled with polymer solution and the
cells assembled. Care should be taken to insure that, the
stirrer disk is below the liquid surface of the assembled
cell , and that it will remain below even with an}' loss of
volume on breaking of the bulb. Such positioning will as-
sure temperature equilibration of both inner and outer cells
and will minimize solvent evaporation effects due to ex-
posure of surface area when the bulb is broken.
Here, then, is a step-by-step guide to filling the
cells :
1. Manufacture the inner bulbs.
2. Weigh the denaturant into the inner cells.
3. Secure the stirring disk to the inner ceil capil-
lary.
4. Seal the completed inner cell assembly to the rod
and heat the bulb capillary to expel any denatur-
ant drawn into this space.
5. Adjust the height of the inner cell so the stir-
ring disk will be below the liquid surface in the
completed cell assembly.
6. Weigh the polymer solution into the outer cell.
7. Thread the outer cell assembly onto the rest of
of the cell and tighten.
The cells are now ready to be placed in the calorimeter for
equilibration. Both cells should be introduced into the
calorimeter at the same time to minimize equilibration time
Over the temperature range used here, the cells should equi
librate to the point where the baseline is stable in about
two hours
.
The proceedure for starting and recording the reaction
is as follows:
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1. After the baseline has stabilized, turn the ampli-
fier on and to the appropriate scale for the ex-
pected magnitude of the reaction.
2. Select the polarity of the recorder - endothermic
in the right cell or endothermic in the left. (Since
the two cells are connected in series opposition,
an exol:herm in. the right cell is equivalent to an
endotherm in the left, and vice versa)
3. After recording the baseline for ten- to fifteen
minutes, lower the inner bulb far enough to pierce
it on the tungsten needle and continue to press un-
til the bulb has shattered on the bottom.
4. Raise and lower the rod four more times to mix the
solutions, then return it to its original position.
5. When the trace has returned to the baseline, repeat
the mixing operation. This must be done at least
twice, and usually three times to allow for cor-
rection of the peak area for incomplete mixing and
mechanical mixing heat
.
6. When the final mixing peak has returned to the base-
line, repeat steps 2-5 with the second cell.
7. When both cells have been run and recorded, turn
off the recorder and the amplifier and remove the
cells for cleaning and reuse.
To clean the cells, we relied on repeated rinsing with
3^
solvent, followed by a thorough drying of the outer eell
.
Generally this clean-up and the attachment of new inner
cells required an hour and a half to two hours, the equi-
libration period about two hours, and an additional two
hours for the run in each cell. It is thus theoretically
possible to squeeze three runs into a twenty-four hour per-
iod, if all necessary samples and solutions have been pre-
viously prepared. In practice, an experienced and dedi-
cated operator can manage two runs a day, including sample
preparation. If data analysis is to be done concurrently,
along with the checking of all polymer solutions polari-
mctrically before and after each run, an upper limit of six
complete runs (two samples per run) each week is sustain-
able over a long period of time.
The peak areas were determined using either a Gelman
Compensating Planimeter or a cut-and-weigh technique. The
planimeter measures directly in square inches to a precision
of 0.01 square inch. Areas found b}' this technique were
repeatable to about in all cases the area recorded was
an average of at least three and usually five determinations.
For the cut-and-weigh technique, the peak was traced onto
Keuffel and Esser Albanene Tracing Paper which had been
aged for 24 hours in air, and this copy was cut out and
weighed on our semi-micro balance. The precision of this
technique was at least as good as the planimeter results,
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and the accuracy was found to be superior when measuring
small areas. The cut-and-weigh technique was therefore
used exclusively throughout the latter part of the data
analysis
.
The above cell design and experimental techniques
proved to be satisfactory for the systems we studied. At
each temperature, five runs were made at different polymer
concentration and the results averaged by taking the slope
of a heat vs. sample weight plot (see below) as the value
for that temperature. Accuracy of the results so obtained
is estimated at around ten percent, including the possible
two percent inaccuracy in calibration.
Ihe Calvet as supplied is capable of operating from
about ten degrees above ambient to 570°K. In our experi-
ments, it rapidly became apparent that the most useful re-
sults lay in the subambient region. To allow operation in
this region, a cold box was constructed around the Calvet,
the details of which may be found in Appendix II. This
cold box reduced the ambient temperature seen by the Calvet
to 250°K. f allowing measurements to be made over the entire
range of 270° to 310°X. Calorimetric measurements above
310 K were impractical due to the small magnitude of heat
evolved (approaching zero at 325°) and polymer degradation
at temperatures higher than 350°K.
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Material s . The poly- 0-benzyl aspartate (PBA) for
the optical work was purchased from Sigma Chemical Corpor-
ation (#P-9378 Type I) lots #9000560 and #30C-3200, vis-
cosity average molecular weight 230,000 and 200,000 respec-
tively. The PBA used in the calorinietric studies was pur-
chased from Biopolymers Corporation, lot #100, viscosity
average molecular weight 360,000. This material as received
proved identical to the Sigma Chemical batches in optical
parameters, and all polymer samples were used, without fur-
ther purification.
The 1 J. , 2,2-tetrachloroethane (TCE) used in this study
was purchased from Eastman Organic Chemicals (#241) and
from Fisher Chemical Corporation (#A-3J). No differences
were found between the performance of the two batches, and
both were reagent grade. The chloroform used in the optical
studies as solvent was Eastman Organic SpectroACS grade
(#13056) and that used for general cleaning, reagent grade.
The dichloroacetic acid (DCA) was purchased as technical
grade material, and was purified by distillation at 75°C
under 6mm (absolute) pressure. The distillate was then
frozen and stored at 0°C until shortly before use to retard
degradation.
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RESULTS AND DISCUSSION
' Polar linetry. For the PBA, percent helix was calcu-
lated using the empirical equation for the rotations
f M + 20
H 272 ~ (18) -
as calibrated using the Moffitt bQ values (see above).
Typical runs at various solvent compositions are shown in
Tables 2 and 3 and Figure 6.
The temperature at which the polymer in the various
solvent mixtures attain given values of helical content are
cross-plotted against the solvent composition to give 'phase
diagrams' of the isohelical contents in Figure 7. Paths
across these curves in the vertical and horizontal direc-
tions represent, respectively, the thermally- induced and
isothermal transitions.
Values of the compositional heat can be determined
directly from the curve representing f„ = 0.5 through an
equation derived from Equation 3 :
RT
c
2
fjx"
comp XA>c ^T ; T = Tc (19)
Likewise, the variation of s with either temperature or
solvent composition may be calculated from the plot using
5Applequist's equation for s in terms of f^ :
% - 4 + <S - U \ (20)
2 2 { (1-sr + 4os]
TABLE 2
T(°C)
o
o
Temperature vs. Rotation
5.20 mole % DCA
2.87 mg/ml PBA
436
13.5 C 99.905 33.10
12 99.888 39.02
- 8° 99,750 87.11
" 5° 99.587 ' 143.90
-2° 99.415 203.83
1.5° 99.306 241.81
5° 99.244 263.41
10° 99.201 278.40
15" 99.186 283.62
20° 99.173 288.15
25° 99.174 287.80
31.5° 99.178 286.41
38.5° 99.182 285.02
47" 99.196 280.14
54° 99,210 275.26
63+ 99.227 269,34
73" 99.260 257.84
81° 99.287 249.48
empty 00.007 2.44
TABLE 3
T(°C)
i
)
Temperature vs. Rotation
6.58 mole % DCA
3.12 mg/ml PBA
18.5° 99.711
-w 4
-11 99.937 20.19
-(9") 99.933 21.47
-O") 99.902 • 31.41
+6° 99.862 44.23
o
12 99.809 61.22
92.63
99.616 123.08
28° 99.523 152.88
32°
* 99.454 175.00
39° 99.387 196.47
46° 99.361 204.81
53° 99.366 203.21
59° 99.383 197.76
67° 99.443 178.53
74° 99.502 159.62
804 99.566 139.10
52" 99.381 198.40
2.2° 99.647 113.14

80% 70% 50% 30%
O
-20 PERCENT DCA
® 80% HELIX
A 70% HELIX
50% HELIX
A 30% HELIX
O 10% HELIX
8.0
Figure ?
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In order to apply Equation 20 to the experimental data,
it is necessary to have a value for ?
, the initiation para-
meter of the Zimm-Bragg theory. 3 This parameter is acces-
sible through a combination of data from the optical work
with the calorimetrlcally determined heat. For the dena-
turing reaction, we may define an equilibrium constant
Using this constant, we may further define an apparent heat
of transition using the van't Hoff equation:
4H
vh = R (H7!)
The parameter a is then related to the ratio of the van't
1 3Hoff heat to the calorimetric heat .
~
(23)
-
2 VH
0 4H
cal
Figure 8 shows the plot of InK vs. 1/T for a series of sol-
vent compositions which give K - 1 close to the temperatures
at which the calorimetric heats were measured (see below).
A summary of the van't Hoff heats at K = 1 for these plots
is given in Table 4, along with the measured calorimetric
heats and calculated values for a .
Plots of 1/s vs. XA are shown in Figure 9. A
weighted
least squares fit was applied to the curve for each tern-
43
Figure 8
TABLE 4
Calculation of 9"
Mole % DCA 4HvH A\\m ^UQal
cal/mole (interpolated cal/mole
res. res.
5.02 40.36
5.36 34.89 357.9 1.052 x 10" 4
5.50 32.64
5.64 32.11 334.5 1.085 x 10~ 4
5.77 31.62
6.03 28.05
6.15 28.24 298.0 1.114 x 10~ 4
6.31 28.49
6.44 25.14
6.52 25.36 229.4 0.818 x 10" 4
6.58 25.53
Average CT = 1-005 .12) x 10"
4
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perature, and the values of K
%
and K
2 determined from the
intercept and the slope according to Equation 12. The values
of InKj and lnK
?
were then plotted against l/T (Fie:. 10)
and values for the enthalpies and entropies calculated. The
values determined for ^ , K 2 , A}^ , ^ , a s , and
4S
2
are shown in Table 5.
These values for the parameters were then inserted into
Equation 13 with S = 1 (fR = £ , T = TQ ) and adjusted with-
in the experimental uncertainty to generate the phase dia-
gram shown in Figure 11. As can be seen from the figure,
the line so determined is a very g^od fit to the data ac-
tually gathered polarime trically . In fact, the fitting of
the datg by small variations in the parameters would seem
to provide a rather precise refining of the values. Figure 12,
A through D, shows the change of the fit of the calculated
values with a five percent change in the individual values
of /3H^ . <4H
2 ,
AS^
,
^JS
?
respectively. It is seen that
the effect of changing ^S^ is simply a shift in the entire
curve along the X
A
axis with only minimal change in the
curve shape. Thus JS
2
may be used as a 'fitting parameter*
in this dimension when the other narameters are changed. In
fact, the changes induced by each of the parameters can be
made to compensate for one another, as is shown in Figure 13
where all of the parameters have been changed substantially,
yet the fit to the data is still good.
To get the best fit of the data, shown in Figure 11

TABLE 5
Calculated Constants
T(°C) K
l
In K-
1 z
In K2
2.5 1 .347226
.298048
.154878
-1
.865118
5.0 i. 340435 .292994
.162067
-1
.819743
10.0 1 .330358
.285448
.175396
-1
.740708
15.0 1 .312820
.272177
.193531
-1
.642319
20.0 1 .298097 .260900
.210882
-1 .556458
25.0 1 .273533
.241795 .236720
-1 .440878
30.0 1 .261796 .232536 .252206
-1.377510
35.0 1 .249302 .222585 .268898 -1
.313424
65.0 1 .185033 .169771 .363592
-1 .011723
70.0 1 .154250 .143451 .432467 -
.838249
75.0 1 .122005 .115117 .539627
-.616877
80.0 1 .094655 .090439 .682201 - .382431
4 Hj = 481 - 140
AS
l
= 1,13 - .35
^H
2
= 3226 - 330
JS^ = 7.93 - 0.8
s.
400
o
350-
300]-
250
200
1
k9
! —
—
f
2p
-
—
1 1 —
4,0
{
6,0
Mat 7.DCA
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above, we used a computer program which displayed the good-
ness of fit (sum of the squares of the errors) of the cal-
culated line to the measured points at the various values
of the parameters. The program stepped through three of
the parameters incrementally, while calculating the fourth
parameter to make the curve include one of the points.
Since the curve is most sensitive to variations where it
rounds the 'nose', the experimental point just below the
'nose' was chosen as the point through which all calculated
curves would pass
.
This data fitting method is consistent with the exper-
imental data because of the large errors introduced into
the analysis by the long extrapolations necessary to deter-
mine the parameters. It should be noted that the error in
the values of InK^ are of the order of 30% for this reason.
However, the values found for lnKo are precise to about
17c.' These numbers, in turn, lead to the error limits
shown in Table 5 above.
Using the final values of these parameters and Equations
20 and 13 we may generate the phase boundaries for isohelicai
contents other than 0.5 . The results of such calculations
are shown in Figure 14 along with the experimental data.
A good treatment for the estimation and propogation of er-
rors in experimental data may be found in Reference 39,
and the analyses outlined in Chapter 6 of this book are
used for error analysis throughout this thesis.
D 50
A 30
Figure lk
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It is seen that the fit is quite good along the lines rep-
resenting helical fractions from 0.3 to 0.8
. The polar-
imetric data therefore support the theoretical predictions
for transition width. While it is obvious that the good
agreement between the data and the calculated results is
due in part to the use of the data in the analysis, the
self -corisistancy of the results is encouraging. The inde-
pendent check on the data will be the agreement of the cal-
orimetric values measured with those predicted by the theory.
These results are reported below.
We have assumed throughout the analysis that the ac-
tivity coefficient of the active solvent (DCA) is one. In
several recent papers, ' the workers at Osaka University
argue for the existence of the DCA in dimer form. A rean-
alysis of our data assuming that the DCA reacts in dimer
-
ized form leads to the results shown in Table 6 and Figure
15. Since the same data is used in the two analyses, both
that assuming monomer and dimer, if compared on a weight
fraction DCA basis, the numerical differences in the values
of Table 5 and Table 6 are mauhematically significant, and
show a difference in all of the parameters except zjl^. From
an experimental standpoint, it is obvious that the change
in 4Hj and AS^ are well within the experimental uncertain-
ties. This is probably due to the very small DCA content
of our solvents, and the differences between moriomeric and
5^
TABLE 6
Calculated Constants
DCA Dimers
in K
2 In K2
Z • D 11 0 Q Q A Q 9t O O O 7 Z HQ 9 ^ A• UoZ JOj o /. n /. 1 o /-Z . qv^i yq-
JiU 11 t ZOJ JUJ O /. /. 1 O A 1-z
. Aq-/zqi
10.0 . 31 7660 . 275858 . 093926 -2.365245
15.0 1 .300417 .262685 .103907 -2.264256
20.0 1 .286002 .251538 .113469 -2.176229
25.0 1 .262265 .232987 .127529 -2.059410
30.0 1 .250973 .223922 .136035 -1 .994842
35.0 1 .239001 .214306 .145111 -1.930259
65,0 1 .177949 .163775 .195620 -1 .631583
70.0 1 .148638 . .138577 .232150 -1 .460371
75.0 1 .117363 .111419 .288818 -1 .241959
80.0 1 .091694 .087730 .363891 -1.010901
4 u - 464.5 - 140
dS
1
- 1.095 t .35
« 322S * 330
+ 6.70 - 0.8
55
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A
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dimeric DCA would probably be outside the experimental un-
certainty if the solvent contained more DCA, as for exam-
ple with the PBG system. 6,13,32
The value of 4S
2
does change significantly depending
on the mode of action of the DCA. However, as was noted
above, the effect of changing this parameter is simple
translation along the a"
a
axis, so it may be regarded as an
activity coefficient. In summation, the experimental po-
larimetric data fit the predictions with either assumption
about the action of DCA, and are not precise enough to dis-
tinguish between them.
Cal orimetry . The first runs done with our experimental
cells were made using aqueous HC1 and NaOH solutions in an
attempt to check the electrical calibration. The problems
encountered using organic systems are magnified consider-
ably when aqueous systems are used due to the five-fold
increase in the heat of vaporization of the solvent, and
even when the corrections for all known sources of error
(such as dilution heats for acid and base, heat of formation
and heat capacity of the salt formed, concentration effects,
and all mechanical heats from opening and stirring) were
included in the analysis, the instrument constant calcu-
lated from the acid-base reaction was still ten percent
higher than that determined electrically. It has been ar-
gued that some differences may be expected between elec-
5?
trical and chemical calibrations since the chemical reactions
are uniform throughout the cell, while the electric heater
is a point source. Such an argument assumes perfect and
instantaneous mixing of the reactants in the cell during
the chemical calibration, which is probably a weak assump-
tion, and in any case the effect would not be expected to
amount to ten percent. Such large differences are probably
due to side-reactions such as the reaction of the base with
the cell walls during the equilibration period. Unfortunate-
ly, these chemical calibrations could not be repeated with
the final cell design used in the polymer work because of
the obvious corrosion of the tungsten needle by the hydrox-
ide solution. The electrical calibration is straightfor-
ward, precise, and easy to accomplish, and there is no evi-
dence that the accuracy of this method is outside the two
percent repeatability of the calibration runs, so we decided
to abandon the attempts to check the calibration with aque-
ous systems and proceeded to use the instrument constant
derived from the electrical calibration data.
An example of a recorder trace used as raw data for
the caloriraetric analysis is shown in Figure 16. One of
the auxiliary stirring peaks is shown following the main
transition peak. In general, three stirring peaks after
the initial opening and stirring peak were recorded to help
correct for incomplete mixing and non-equilibrium effects.
5S
WOP
59
In each case, the areas indicated by the last two stirrings
were taken to be the mechanical heat of stirring plus the
decay of the (small) non- equilibrium effects induced by
the opening proceedure. From these two peaks, the expected
areas of the stirring peaks at opening and at the first
stirring after opening were determined by extrapolation and
these areas used as corrections to the measured areas.
The Calvet calorimeter is a twin-type instrument, and
may be used to measure two similar reactions during each
3-7
run, as described by Filisko. ' For most runs, we used iden-
tical solvent mixtures and denaturant in both sides of the
instrument, except that the solution in the left cell in-
cluded PBA while that in the right cell did not. Since de-
termination of the (normalized) heat at each temperature
required five different polymer concentrations, we recorded
during the same runs five 'blank' or 'tare' reactions. The
tare reactions were then normalized to unit weight of de-
naturant and averaged to give a conversion constant which
was used to determine "che area which would have been expected
had the polymer not been present in the solution. The re-
sults of the tare runs at 38°C. are shown in Table 7. Pre-
vious runs had shown that the heat of dilution of the poly-
mer from the addition of solvent was negligable compared to
the recorded heat. The difference between the recorded
area and the expected area therefore represents the heat
60
TABLE 7
Summary of Data
Gathered Calorimetrically
Tare runs at 28.8°C.
\a7 <v In 1~we j gni_
Denaturant(g)
Area Un ; Area/g
.
7/3 .63748 4.870 7.639
7/4 .63564 4.230 6.655
7/5 .63134 4.579 7.253
7/6 .63350 4.307 6,798
7/8 .63527 4.109 6.468
7/9 .63222 4.612 7.295
7/10 .62937 4.590 7.293
7/11 .63730 4.005 6.284
Overall average Area/g = 7.059 - .535 rms
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of transition of the polymer from the helix to the coil
state
.
Because the transition of the polymer is smeared out
over a wide range in active- solvent composition, some cor-
rection for incomplete conversion must be made. We there-
fore checked the polymer solutions using the polarimeter
both before and after each run. The change in fractional
helical content indicated by the polarimetric rotations at
the known temperature of the calorimetric transition aver-
aged about 90%, and the figure for each run was used to
correct the calculated heat for that run to 100% conversion.
We assumed a linear relationship between heat output and
conversion, an assumption which is reasonable based on the-
oretical considerations/^ The corrected areas were then
converted to heats using the instrument constant derived
from the electrical calibration (see Experimental above).
For determining the final value of the transition heat,
the five values at different concentrations were plotted
against the weight of polymer in the respective solutions.
The slope of the line through the origin is taken as the
normalized value of the transition heat at that temperature.
Table 8 shows the entire scheme for evaluation of the
calorimetric data. Fig. 17 shows the heat vs. mass poly-
mer plot for 29°C, and the final heats determined for all
temperatures are presented in Table 9 and Figure 18. The
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TABLE 9
Summary of Data
Gathered Calorimetrically
T(°C)
-0.8
7.4
17.8
28.8
38.0
T(°K)
272.3
280.5
290.9
301 .9
311.1
^ H
cal
357.9
334.5
298.0
229.4
169.1
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estimated precision of the data, as indicated by the error
bars on the plot, is about ten percent of the measured val-
ues. Also shown on the plot in Fig. 18 are the calorimetric
heats calculated from Equation 15, which lie quite close
to the experimental values. The fit of these values is
a true test of the theoretical predictions since the calor-
imetric data have not been used in calculating the para-
meters, and therefore constitute a truly independent check
of the theory's validity. In these calculations, F was
c
figured using Equation 9 and did not involve the use of the
experimental calorimetric heats. It is thus shown that the
theoretical predictions are born out by the experimental
data
.
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SUMMARY AND CONCLUSIONS
The Calve t calorimeter, with the reaction cells devel-
oped in the course of this work
,
proved to be quite ser-
vicable in the direct determination of the transition heats
of polymeric systems, despite the rigid and constrictive
requirements imposed by working with dilute solutions of
these substances in corrosive solvents
. For reactions in
which the heat evolved is of the order of one calorie per
gram of polymer, we were able to obtain a precision of about
ten percent in our measurements. As is true for most ex-
perimental techniques, the precision is expected to increase
with increasing heat of the reaction, but especially so in
this case where differences between measurable 'tare' heats
and experimental values must be used for the evaluations.
The precision of our data was found to increase with de-
creasing temperature, not only because the reaction heat
increased, but also because of the decrease in the measured
tare heats. Thus at about 0°C. , the experimental data be-
came a sum of two smaller peaks rather than the difference
between two large peaks, as originally found at 30°.
The studies here encompass only one polymer- solvent
system. Because of the interaction of polymer and solvent,
one would expect different magnitudes of reaction heat in
different solvents or with different polymers. Since it is
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known that the transition heat of poly (benzyl glutamate)
in our solvent system is about four times the heat per gram
of the aspartate studied here, a study of this polymer
would be of interest both in terms of increasing the pre-
cision of the technique, and as a more critical test of the
predictions of theory. With more precise data it would be
possible to calculate F directly from the calorimetric
heats and derive K- and from the temperature dependence
of F . Such calculations were precluded in the present
\&
study by the imprecision of the data.
Another improvement in the experimental technique which
should be explored is the possibility of a completely closed
cell, which would avoid all of the problems of solvent evap-
oration and condensation encountered in this study. The
principle hurdle in this suggestion is the possible pres-
sure effects encountered in heating or cooling a closed sys-
tem containing a vol i tile liquid. It might be possible,
however, to load and seal such a cell at approximately the
same temperature at which the experiment is to be run. The
advantages of a closed system seem large enough to justify
exploration of this possibility.
The optical rotatory dispersion measurements on poly
(benzyl aspartate) made here are sufficiently precise to
allow determination of the intrinsic polymer enthalpy and
entropy of the helix-coil transition in the mixed solvent
system. Although the extrapolations needed in the data
analysis limit the precision of the data to about 30%, the
parameters so determined agree quite well (to about 5%) with
those determined by a computer- fitting of the data to the
equation derived from the Karasz-Gajnos treatment. In ad-
dition, the calorimetric heats determined with the Calvet
agree with the predictions of the theory to within the un-
certainties in the measurements. It is thus shown that one
can obtain quite reasonable estimates of rhe calorimetric
heat from non-calorimetric data and the presently-available
theoretical treatments relating these physical constants.
Special note should be made, however, of the need to correct
for incomplete conversion in the calorimetric work.
Also of particular interest is the confirmation of
the double thermal transition in the PBA which was predicted
from the theory. Recent results, as yet unpublished, by
coworkers in this lab have shown that the thermal decompo-
sition of the polymer depends in part on the solvent system
employed in the study. Thus we may reasonably expect to
observe the double transition in other polymers as well by
using a solvent system of suitable active- solvent strength
and one which protects the polymer against thermal decompo-
si tion
.
Finally, the question of the mode of action of the
DCA remains unresolved, although the actual calculations
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for the PBA system show the general problems in distin-
guishing between monomer and dimer modes require very pre-
cise determinations of the parameters (of the order of 2%
for this system). The differences in effect will be en-
hanced by increasing the mole fraction of DCA
, and again
the PBG system is suggested because of the high DCA con-
tent at the transition point (about 80% at 25°C).
These are a sampling of the possible extensions of
the work reported here which might be expected to be fruit-
ful
.
The techniques have been proven, and now need addition-
al refinement to answer these and similar questions.
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EFFECT OF DEUTERIUM EXCHANGE
ON THE STABILITY OF LYSOZYME IN SOLUTION
Introduction
.
For polypeptides, the nature of the
helix-coil transition has enabled several authors to devel-
op thermodynamic treatments of experimental data which allow
the evaluation of intrinsic stabilization energies for the
helical forms of these polymers. 4,6 In the case of proteins,
the situation is much more complex and is not yet amenable
to such detailed theoretical treatment. It is therefore
necessary to use more indirect methods for evaluating the
relative significance of certain factors in stabilizing the
protein conformation. It is generally supposed that one
large factor in this stabilization energy is that of the
hydrogen bonding in the helical portions of the proteins.
Some idea of the importance of the hydrogen bonds can be
deduced from the change in stability of the protein when
labile hydrogens are replaced by deuterium atoms.
Several biological molecules have been studied using
45
this principle, with varying results, Maybury and Katz
found an increased stability for ovalbumin in D^O as com-
46
pared to H^O, as was also found by Hermans and Scheraga
for rlbonuclease. However, the thorough treatment by Tomita,
et al. shows that the effects of replacing hydrogens with
deuterium atoms can be either stabilizing or disruptive.
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These predictions were confirmed by the work of Hattori,
48
et al
.
who found that deuteration could cause an increase
in denaturation temperature of phycocyanin, or a decrease
in this transition point, depending of the placement of
the substitutions.
For this study, we chose the protein lysozyme (muramidas
whose structure has been well characterized.^ ^ Our re-
sults on the normal lysozyme confirm the findings of Sophian-
51 53
opolis and Weiss and have been reported elsewhere. The
effect of the deuteration is reported here.
Materials . The lysozyme used for all experiments re-
ported here was purchased from Gallard-Schlesinger (Miles-
Seravac #36-323 Egg White Lysozyme Chloride, batch 110) as
a 3X crystal izcd powder and was used without further puri-
fication. Acid solutions were made up from distilled water
and Fisher Reagent Grade Hydrochloric Acid. Base solutions
were made using Reagent Grade Sodium Hydroxide and distilled
water
.
Buffer solutions used in adjusting the pH meter were
Fisher Certified (pH 1.0 and 2.0) and Radiometer (pH 6.50).
Deuterium Oxide was purchased from Stohler Isotope
(99.8% D) and deuterium chloride (20% in D.O) from Diaprep.
Instrumentation. Optical rotations were measured with
a Perkin-Elmer Model 141MC spectropol ar imeter .
Measure-
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merits were made at kj6 nm usin? a mercury lamp, and temper-
ature control was provided by a Haake Model FK circulating
constant temperature bath. The Perkin-Elmer polar imeter
has a digital readout, and both temperature and rotation
were recorded by hand for later analysis.
The pH or pD of all solutions was measured using a
Radiometer Model oH26 meter, equipped with a semi-micro
porous pin electrode (#GK2321)
. The pD values for samples
in D
2
0 were calculated by adding 0.^+ to the apparent pH.^
The calorimetric data for this paper were gathered
using a modified Perkin-Elmer DSC Model IB. The sensitiv-
ity was improved by three times using specially-made seal-
able sample pans which allowed the use of three times the
volume of sample as the commercial scalable pans. These
pans were a scaled-up version of the Perkin-Elmer volitile
sample pan, and were made by deep-drawing an aluminum blank
of 5 rail thickness. A complete description of these sample
32pans is given in a recent paper by Simon and Karasz. An
example of the DSC traces which were evaluated is given in
Reference 53
•
Deuteration of lysozyme . Since the denat uration of
lysozyme is not completely reversible,-^- it is not possible
to denature the protein to assure complete exchange of the
protons with deuterium. We relied on the slow exchange of
protons over a twelve hour period for this study. Solutions
of lysozyme were made up by dissolving the lysozyme in H 20
7^
(D
2
0) solution of HC1 (DCl) or NaOH (NaOD) of the proper
pH or pD which were then allowed to stand overnight before
use. This proceedure assured us of at least 85% exchange
before use. No attempt was made to buffer the solutions,
and the salt content from adjustment of the pH (pD) never
exceeded 0.1 N. Concentrations of lysozyme were kept at
3% w/v.
Results and discussion
. A typical polarimetric run
showing reduced rotation as a function of temperature is
shown in Figure 19. The plot is of the usual sigmoidal
shape typical of cooperative transitions. The temperature
of the transition, T , is taken as that temperature at
which the transition curve reaches half -height. The van't
Hoff enthalpy was figured at the midpoint of the transition
in the usual way, and the results are shown in Fig. 20. Be-
cause of the extreme sharpness of the transition, the er-
ror in the reported van't Hoff heats is large, and any dif-
ference in the heats between the normal and deuterated forms
is well within the experimental errors. We cannot there-
fore distinguish between the normal and deuterated forms
on the basis of van't Hoff heats. However, as illustrated
in Figure 21, the transition temperature of the deuterated
molecule has shifted to a lower temperature at the pD cor-
responding to the pH. A plot of transition temperature ver-
sus pH (pD) is shown in Figure 21, and shows a shift of the
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transition to the alkaline by about 0.4 units. We could
have anticipated this result from the work done by Appel
56
and Brown whose work with myoglobin showed the same shift
in pH (pD) for both acid and alkaline denaturation
. Their
explanation for this apparent decrease in stability toward
alkaline denaturation and increase toward acid denaturation
with deuteration is the decreased ionization of the Brflnsted
57 58
acid groups on the protein chain in heavy water. '
The data derived from the DSC runs shows more promise
in distinguishing between normal and deuterated forms of
lysozyme. As shown in Figure 22, the heat of transition
measured calorimetrically for the deuterated samples fall
considerably below those for the normal samples. The scat-
ter in the data is admittedly quite large, but it must be
remembered that we are working on the very edge of the in-
strument's sensitivity. Nonetheless, the trends in the
data for the normal and deuterated samples seem to be quite
real, with the deuterated samples giving about half the
heat of the normal samples
.
Many explanations for the difference in stability of
proteins in heavy water have been proposed by various au-
thors . 4 5 ' 46 '
'' 8
'
56 Several of these explanations could lead
to a measurable difference in transition enthalpy, notably
the hypothesis that heavy water has a different and more
ordered structure around the protein molecule than does
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light water. 45 Thus when the protein denatures, more water
"freezes" around the newly exposed surface of the protein,
and the measured enthalpy of the denaturation is thereby
lessened. In any case, the effect of changing the solvent
cannot be separated from the intrinsic effects of deuterium
substitution for labile hydrogens unless an aprotic solvent
is used. There is to date only one study done with aprotic
59
solvents," and it showed no effect with deuterium substi-
tution. Combining these results with the lack of effect
found in the van
'
t Hoff data reported above, it seems quite
reasonable to assume that the difference in measured calor-
imetric heat is due to a solvent effect rather than to the
effect of isotope substitution in the protein.
Conclusi ons . The optical and scanning calorimetric
studies on lysozyme reported here show no indication, out-
side of experimental error, of a change in stability of
this protein due to substitution of deuterium for the labile
hydrogens . The observed difference in the optical results
is easily explained by the weakened ionization of the pro-
tein's Lonizable groups, and the observed change in calor-
imetric heat is more likely attributable to solvent effects
than to intrinsic protein stability. These conclusions are
in agreement with the presently available literature.
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APPENDIX I
A Practical Manual for Operation
of the Tian-Calvet Microcalorimeter
Provided with the Tian-Calvet microcalorimeter and the
measuring circuitry is a set of six different instruction
manuals to guide the user in the operation of the instrument.
For practical purposes, only one of these manuals is really
useful in providing the user with a knowledge of the essen-
tials of the instrument operation, and this is somewhat in-
complete in its description on the assumption that the other
manuals provide the necessary missing information. While
this is true, it takes a great deal of time and effort to
separate the wheat from the chaff in these manuals, and it
is therefore the purpose of this composition to bring to-
gether all of the proceedures needed to run the Calvet on
a day-to-day basis. When modifying the read-out system,
more specific instructions and circuit diagrams may be
found in the operating manuals of the individual components.
Immediately after unpacking the instrument parts, there
are many proceedures which must be performed for set-up and
operation of the instrument. Most of these (such as allign-
ing and plumbi ng the inner block) should be performed by an
agent of the importer (IMass) and need be done only once.
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We are not concerned here with these proceedures
. However,
it is occasionally necessary to move the instrument from
one laboratory to another, and the set-up proceedures for
this will therefore be included.
Preparing the Instrument for Moving. If the instrument
is to be moved, all cables between the control console and
the calorimeter block should be disconnected. All cables
have uniquely coded plugs and sockets except the inputs to
the Keithly. Careful note should therefore be made as to
which lead from the Keithly is connected to each color lead
in the wire from the calorimeter box. Other than these
two leads, the cables cannot be interchanged. Also, the
caps at the top of the entrance tubes in the Calvet should
be unscrewed, and the glass tube liners replaced with bakelite
tubes. The calorimeter is now ready to be moved, and should
be able to withstand accidental shocks in transit if handled
with reasonable care. It the unit is to be shipped by com-
mercial carrier, consult the importer ( IMass ) for in struc -
tions and further precautions .
Setting the Instrument Up. in the New Location . The
calorimeter block assembly should be set up on a sturdy base
away from large heat sources (or sinks), and in an area as
free from drafts as possible. Experience has shown that
setting the instrument on a solid base (up off its rubber
87
feet) is preferable to simply allowing it to stand as de-
signed, since the minor vibrations from the floor are not
as large as those induced by the operator in starting a run
when it is mounted on a shock-absorbing base. The base
should be level, and the control console must be placed
within reach of the cables (about four feet). Reinstall
the glass tube liners in the entrance tubes.
Reconnect the cables to the temperature regulator and
reattach the input cables to the Keithly input leads, being
sure the polarity is correct.
Grounding cabl es . There is provision for an external
grounding cable on the case of the temperature regulator
unit and on the Keithly nanovoltmeter-amplifier . The nano-
voltmeter ground should be connected to the calorimeter
shell, and the shell grounded to a good earth ground through
the same point . All ground wires should be woven copper
grounding straps or copper wire of .050 in. diameter (16
gauge) or larger.
The control console is provided with a three-wire
(grounded) plug for use in grounded outlets. To prevent
significant line noise in the calorimeter circuitry, an iso-
lation transformer is provided with the unit, but this
has
only a two-wire plug and socket. We designed a
special
patch-cord connector to isolate the console from line
noise
using the transformer and to jumper the grounding wire
around
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the transformer. This unit has an exposed alligator clip
in the center of the jumper wire, and it is to this clip
that the ground of the temperature regulator should be con-
nected, not to the common ground point on the calorimeter
shell. Connection of the grounding wires in this way pre-
vents the noise from the temperature regulator from feeding
back into the Keithly circuitry.
When all cables have been connected and the grounding
wires connected, check to see that main switch (Power) on
the control console is off, and plug the panel into a 115V
power source. If a filtered, instrument power circuit is
available, this is ideal. Otherwise normal laboratory pow-
er may be used, although the noise level in the instrument
will then be slightly higher.
Initial Equilibration . Check to see that all compo-
nents are off at their respective power switches, then switch
the main power on. The pilot light above the power switch
should light to indicate that power is flowing to the in-
strument .
The temperature regulator has five small dials on the
lower panel . The left-most dial is for manual regulation,
and is rarely used (explanation below). The second dial
is for setting the probe resistance scale, and for most
normal measurements is set to the 100-150 scale. For tem-
peratures in the 130° to 200°C. range, the 100-200 scale
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is used? for temperatures below 0°C. the 10-260 scale is
used. The remaining dials are for setting the actions of
the controller; proportional, integral, and differential
respectively. The manual for the RT3000 regulator has an
elaborate proceedure Tor setting these control s to minimize
hunting and maximize sensitivity and control accuracy. Ex-
perience has shown that only three settings need ever be
used, at least for the temperature range of -10° to 60°C.
For initial equilibration and for temperature changing, l ho
P/I/D settings should be 2 3/1/0 . After the temperature is
reached and the zogul ator is in control, switching to a set-
ting of 15/2/1 gives excellent temperature control over
the entire range given above.
The large dial i s used to set the resistance in the
comparison arm of the control bridge, of which the control
temperature probe is a part. The proper setting for a given
temperature is given in Table A-l. For initial equilibration
this dial should be set to about 23 (30°C.) with the 100-
150 ohms scale. To set, the small knob marked 'blockage'
(lock) must be loosened and the setting adjusted (use the
small 'consigns 1 (set) knob for the fine adjustment) and
the lock retightened
i
Summary of the settings for initial equilibration:
Probe resistance: 100-150
Proportional: 25
90
TABLE A'-l
Temperature Resistance Divisions on Dial
( C.) (ohms) 100-150 100-200 10-260
-30 88.26 24.30
-20 92.18 3? .87
-10 96.10 34.44
0 100.00 0 0 36.00
10 103.90 7.80 3.90 37.56
20 107.79 15.58 7.79 39.12
30 111.67 23.34 11 .67 40.67
40 115.54 31.08 15.54 42.22
50 119.40 38.80 19.40 43.76
60 123.24 46.48 23.24 45.30
70 127.07 54.14 27.07 46.83
SO 130.89 61.78 30.89 48.36
90 134.70 69.40 34.70 49.88
100 138.50 77.00 38.50 51 .40
110 142.28 84.56 42 . 28 52.91
120 146.06 92.12 46.06 54.42
130 149.82 99.64 49.82 55.93
140 153.57 53.57 57.43
150 147.32 57.32 58.93
160 161.05 61 .05 60.42
170 164.76 64.76 61.90
180 168.47 68.47 63.39
190 172.16 72.16 64.86
200 175.84 75.84 66.34
DO NOT EXCEED THESE SETTINGS --•
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Integral : 1
Derivative: 0
Temperature set: 23
Now switch the regulator on ('marche'). The meter in
the upper left portion of the controller will read full pow-
t .
er (lu) until the block temperature reaches the set point
temperature. With the above settings, this will probably
take about three to four hours, and the power input will
vary between 0 and 10 for another six hours, gradually set-
tling to a reading of about 1 . Full warm-up and equilibra-
tion of the block will take 24 to 72 hours, and a full warm-
up of three days is recommended before proceeding.
Measuring the temperature o f the block. During a
heating or cooling period, a rough estimate of the temper-
ature of the block may be found by adjusting the P/I/D con-
trols to 0/0/10 and turning the large temperature set dial
until the headers just go on (power indicated on the meter).
The temperature corresponding to this dial setting is the
approximate temperature of the block.
For a more accurate measurement of the block temperature,
a copper-constantan thermocouple pair has been provided.
The three small red wires coming from the box on the calor-
imeter shell are the leads from this set of junctions. One
junction is imbedded in the calorimeter block, and the ref-
erence junction is in a small metal block in the box on the
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front of the instrument. The reference block has a hole
drilled into it for a thermometer so the reference temper-
ature can be easily determined. A millivolt potentiometer
should be used to measure the differential voltage, and
the block temperature can be calculated from Table A-2.
Two illustrations follow.
Suppose the measured EMF is 7.350 mV and the reference
block measured 22 C. Then from Table A-2, the reference
voltage is 0.868 mV
:
EMF read 7.350 mV
EMF reference 0.868 mV
Total EMF 8.218 mV
and again from Table A-2 the temperature is calculated to
be 179. 9°C. by interpolation.
As a second example, suppose the voltage read is 0.520
mV, and the known reference is -16°C. Then,
EMF read 0.520
EMF reference -0.602
Total EMF -0.078
and the block temperature is calculated as -3°C. The re-
sults using this method should be checked using a calibrated
thermometer in a reaction cell filled with fluid of high
heat capacity (such as a water/glycol mixture) and any
necessary corrections in the thermocouple calibration be
made. Once calibrated, this thermocouple output is quite
TABLE A-
2
Temperature - EMF Values for
Copper- Constantan Thermocouples
(reference junction 0°C)
Temperature (°C) EMF (mV)
r30
-i.ii
-20
-0.75
-10
-0.38
0 0.00
10 0.39
20 0.79
30 1.19
40 1.61
50 2.03
.60 2.47
70 2.91
80 3.36
90 3.81
100 4.28
110 4.75
120 5.23
130 5.71
140 6.20
150 6.70
160 7.21
170 . 7.72
180 8.23
190 8.76
200 9.29
Source: Handbook of Chemistry and Physics, C. D. Hodgman
,
Chemical Rubber Company, Cleveland, Ohio, 1961.
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reliable as an indicator of block temperature.
Zeroing the Recorder. If the calorimeter block has
stabilized enough for an experimental run to begin, the
meter on the Keithly should read zero without zero sup-
pression down to about the ten microvolt scale, With no
cells in the calorimeter, it should be possible to get a
good trace on the recorder using the one microvolt scale
of the Keithly • Acceptable noise level under these con-
ditions is given in the manual as 40 nanovolts peak-to-peak,
or about half an inch deflection of the pen peak-to-peak
on the one microvolt scale.
The zero to one hundred scale on the recorder corres-
ponds to the zero to full-scale readings of the Keithly,
regardless of the range on which the Keithly is set. The
switch marked 'endotherm' on the recorder conrrols the po-
larity Of the recorder. When set to 'right
1
,
the recorder
pen moves in the same direction as the needle on the Keithly
meter; in 'left,' it moves in the opposite direction. The
zero surpress can be used as a zero adjust to place the
pen zero at any desired point on the recorder scale.
The proceedure for turning the instrument on to record
is as follows:
1 . Set the Keithly range switch to the appropriate
recording range for the reaction to be observed.
2. Turn the Keithly on by moving the power switch
to
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AC (for normal work) or to Battery (for high tem-
perature work). Battery operation completely iso-
lates the amplifier from the power line, but can-
not be used for more than eight consecutive hours
,
after which fourteen hours must be allowed to re-
charge the batteries
.
3. When the beginning transient is past (about two
seconds at most) adjust the needle to the desired
zero point using the zero surpress controls.
4. Turn the recorder to the proper polarity (left or
right endo
.
)
5. Turn the power switch to the recorder on.
6. Turn the chart on.
When the recording of a run is finished, the instrument
must be turned off before removing the reaction cells. Steps
for this prcceedure are
1 . Turn the recorder chart off
.
2. Turn the Keithly amplifier off.
3. When the pen reaches zero, turn the recorder power
off
.
The sample ceils may now be taken out for cleaning or
ex-
change without risk of damage to the readout instrumenta-
tion .
When setting up the instrument for the first
time in
a new location, it is recommended that the
baseline be re-
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corded for an hour or more to check the noise level and
drift of the system. If three-days warm-up has been al-
lowed, the instrument should give no trouble at this point.
This completes the set-up of the calorimeter after a move,
and the remainder of this section will be devoted to every-
day operating proceedures for the Calvet.
Slanging the temperature of t.ho bWk. if it is de-
sired to run the experimental reactions at a different tem-
perature than the 30°C. set above, the temperature controller
should be set to the appropriate probe resistance scale
and temperature set dial reading, and the P/I/D set to 25/1/0.
The calorimeter as manufactured has heaters imbedded in the
block, but has no provision for cooling below ambient, and
is therefore useable only within the range of ten degrees
above ambient to 200°C. It is possible to work at sub-
ambient temperatures if the calorimeter block assembly is
placed in a cold -box similar to that described in Appendix
II, in which case the 'ambient' seen by the instrument is
that inside the cold box, and the range of the instrument
is extended to ten degrees above this temperature. The cal-
orimeter cannot be used above 200°C.
If the temperature set is within the range described
above, the instrument will reach its new operating temper-
ature within four days at most. If the new temperature
is above the previous one, the indication given when the
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proper temperature is reached is a fall of the indicated
power input to zero. Fluctuations between zero and ten
will occur and finally the power input will settle to a
new level which maintains the new temperature. Equilibra-
tion can be speeded if the following proceedure is observed
as soon as the power level rises after falling to zero.
Allow the power level to rise to about five on the scale,
then press the 'effacement' (erasure) button on the control-
ler. This will reset the controller to the power level
needed to maintain the present temperature of the block.
By switching the 'mesure' switch alternately from automatic
to manual and back, use the manual regulation dial to set
the power delivered on manual to match the automatic input
(the needle doesn't move when switched). Nov/ turn both
meter and control circuitry ('commande') to manual opera-
tion and alio*/ the block to equilibrate for eight to twelve
hours. Then switch both back to automatic control, push
the erasure button again, and allow the controller to make
the necessary final adjustment to the set temperature.
If the calorimeter is to be cooled instead of heated,
the above proceedure becomes more tedious and less effective,
and it is generally better to leave the controller in auto-
matic operation. In either case, an equilibration period of
twelve to twenty-four hours after the needle appears sta-
bilized is required for accurate measurements and a
stable
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baseline. P/I/D should be set to 15/2/1 for this period.
Electrical Cal i hi-ai-i nn A s was mentioned in the text
above, the electrical calibration was not found to be de-
tectably temperature dependent. However, two points should
be considered before accepting our instrument constant as
'universal' for this instrument . First, if measurements
are made at temperatures significantly outside our measure-
ment range (say, for example, 100° to 200°C.) a temperature
dependence of the instrument constant might become measure-
able. Second, the stability of the baseline using the cal-
ibration ceils and the reproducibility of the curves makes
an electrical 'calibration' run a good indicator of ther-
mal equilibrium after a change in temperature. A signifi-
cant change in baseline or a descrepancy in determined area
for a given power level indicates either a lack of uniformi-
ty in the block temperature or some experimental error
which must be identified. For these reasons, the instrument
constant should be checked at each temperature before be-
ginning the experimental runs
.
To make a calibration run, the electrical calibration
cells are placed in the instrument and allowed to equili-
brate for two hours. The leads from the appropriate cell
are then connected to the binding posts of the calibration
panel. Special leads and DPDT switch have been added to
one of the cells to allow approximate adjustment of the
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current before application to the resistance winding in
the calibration cell. Placing this cell in the side of
the calorimeter which is to be calibrated allows calibra-
tion and comparison of the results from the two calorimeter
elements with the fewest uncontrolled variables. These
special leads are equipped with banana plugs to facilitate
connection to the calibration panel.
The final connection in the calibration circuit is
made with a link between two of the three binding posts lo-
cated in the center of the calibration panel. The choice
of binding posts allows choice in the range of power. For
power up to ten microwatts the right binding post and right
meter (100 *A full scale) are used; for power between 10
microwatts and one milliwatt the left binding post and left
meter (1 mA full scale) are used. When the calibration
panel is first switched on, the link should be free, con-
nected to only the Common post. The link is then used to
complete the circuit.
The DPDT switch has a resistor of approximately 1000
ohms at one end. The switch should be in the position to-
ward this end when the calibration circuit is first com-
pleted. Adjustment of the current to the desired value
is then made using the potentiometers, and the switch turned
to the resistance coil connections when the timing is started.
Because of some mismatching of the dummy resistor and the
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resistance coil, a slight adjustment on the potentiometers
is necessary at high currents. After the desired time in-
terval, the switch is changed to the dummy setting and the
link disconnected to stop the current flow. The area of
the resulting peak can then be measured, the power calcu-
lated from the equation
2
P = I
Z
R
and an instrument constant determined in whatever units
are most convenient Since our planimeter measured direct-
ly in square inches, we calculated our constants in terms
of mcal/in", but some may prefer units of mcal/cm - or //W/in 1- .
Conversion to such units involves only multiplication by
a numerical constant and is easily accomplished if desired.
The step- by- step proceedure for recording a calibration
run is given below:
1 . Put the calibration cells into the instrument and
allow to equilibrate for two hours.
2. Check to see that the connecting link on the calibra-
tion panel is connected to only the common terminal,
then switch power to the calibration pane] on,
3. Select the proper range on the Keithly to maximize
the area without causing Che pen to run off scale.
4. Turn the Keithly on.
5. Select the proper polarity of the recorder.
6. Turn the recorder power on.
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7. Turn the recorder chart on and record the baseline
for 10 to 15 minutes.'
8. Check to see that the switch on the heater leads
is in the dummy position, then complete the cir-
cuit to the meter with the connecting link.
9. Using the potentiometers, set the current through
the resistance to the desired level.
10. Turn the switch to the resistance coil position
and start the timer t
11 . Make adjustments to the current due to the unmatched
resistance of the dummy and coil, if necessary.
12. When the desired time at the selected power level
has elapsed, turn the switch to the dummy position
and turn off the timer
.
13. Break the circuit by disconnecting the link.
14. Allow the trace to return to the baseline and re-
peat steps 3 through 13 until all the runs at
different power levels and/or times necessary for
the calibration plot have been made.
Experiment al, runs. The exact proceedure for experi-
mental runs will depend on the cell designs employed and
the type of experiment being run. For the sol vent -induced
transitions reported above and the cell design we used,
the exact proceedure may be found in the Experimental sec-
tion above. The proceedures necessary to record the run
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are reported immediately above under 'Zeroing the recorder'
along with the description of the shut-down proceedure
.
Chap.Rinp, the instrument sen sitivity
. One further note
about the instrument concerns the sensitivity and the use
of the Peltier effect for cooling. The detecting thermo-
piles, as used in these experiments, consist of 453 ther-
mocouples each which are further divided into two piles of
329 and 124 couples. Either of the latter thermopiles may
be used separately for detection, thus decreasing the in-
strument sensitivity, or they may be connected in series
for maximum sensitivity as was done here. The terminal
block to which the four ends of the two thermopiles are
connected is located in the metal box on the front of the
calori meter . The connections within this terminal block
which give the three sensitivities are shown in Fig. A-l.
If one of the smaller thermopiles is used for sensing, the
other may be used for Peltier cooling. A discussion of the
use of Peltier cooling may be found in the 3ETARAM manual
supplied with the calorimeter.
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APPENDIX II
Construction Detail of the Calvet Cold Box
Adapted from the plans in Gerald J. Stout's Book,
The Home Freezer Handbook. D. van Nostrand Co., Inc.,
New York, 1947.
Materials Required:
5 sheets 3/4" plywood, 4' x 8'
5 sheets 1/2" plywood, 4' x 8'
1 sheet 3/8" plywood, 4' x 8'
1 shipping pallet, approx. 3' x 4'
9 2" x 4" x 4' #2 pine
6 1" x 4" x 6' #2 pine
1 2" x 6" x 6* #2 pine
12 sheets styrofoam insulation, 2" x 2' x 8'
2 sheets styrofoam insulation, 1" x 2' x 8'
5 cubic feet styrofoam packing chips
1 V-hp Freon- 12 condensing unit, air cooled
1 thermostat, double-contact
1 thermometer, remote sensing bulb
2 thermostatic expansion valves, ^-ton
1 dehydrator-strainer combination
1 sight glass
250 ft. V' refrigeration tubing (copper)
10 ft. \" copper refrigeration tubing
Misc. nails, screws, lag bolts
Safety cutoff box and fuses
VERTICAL CROSS-SECTiON
CALVET COLD BOX
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Detail of the Top of
The Calvet Cold Box
View from Beneath
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Detail of Vortical Corner 109
Figure B-4

